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In the past decade, the trend in material analysis has been 

) toward increased accuracy and reduced time required for data 
accumulation and processing. This demand has created the 
need for a new X-ray source that can deliver more X-ray flux, 
is more stable and is capable of being energy and flux 
tuneable. 





Today, radioactive isotopes are still widely used as a stable 

source of X-rays in elemental analysis because of the isotope’s 
long half-life. However, most of the isotope’s radioactivity 
occurs within a very narrow energy range. As a result, the 
isotope’s monochromatic output limits the chemical analysis 
to only a few elements. This limitation makes isotopes less 
desirable where energy and flux tuning is essential to the 
operation. 


( Electron bombardment of a target can produce a monochro- 

matic X-ray output, and white radiation known as Brems- 

strahlung—the subject of this issue of Tech-notes. Unlike 

the energy from an isotope, Bremsstrahlung energy is tune- 

able over a wide spectrum. By tuning the Bremsstrahlung 

) energy, it is possible to selectively excite a specific element 

directly or indirectly by reradiation (secondary target). Also, 

the X-ray output flux of an electron bombarded target can be 

increased readily by increasing the number of electrons strik- 

ing the target, or turned-off when not in use. X-rays generated 

by electron bombardment in a transmission-target tube are 

| maintained stable over long-terms, with time periods exceed- 
ing 24 hours of continuous operation. 
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Fig. 1. An energy dispersive analysis system used to detect trace concentrations in a sample by 
X-ray fluorescence. Under excitation, atoms in the particulate matter sample fluoresce 
X-rays of different energy levels as shown in the material analysis of a copper ore sample. 


Critical Component of Analytical 
and Process Control Systems 


A long-term, stable X-ray source is 
critical in achieving accurate and 
repeatable data in quantitative 
measurement techniques. Typical 
data collection time may require 
from a few seconds for a X-ray sys- 
tem gauging sheet metal, up to 
‘several minutes for a X-ray energy 
or wavelength dispersive system 
measuring trace elements in a 
chemical composition. In either 
case, a stable X-ray source elimi- 
nates repeated calibration, reduces 
process monitoring and control 
interruption, and makes it a valu- 
able tool for analytical research 
and in-process measurements. 


A few of the major applications of 
automatic analytical or process con- 
trol systems include: 


e Energy dispersive or wave- 
length dispersive techniques 
using X-ray fluorescence in 
chemical composition analysis. 


e Diffraction or transmission tech @ 
niques using X-ray fluorescence 
in on line manufacturing pro- 
cess analysis and inspection. 


e X-ray absorption techniques for 
on line in-process gauging of 
material thickness. 

e Simultaneous quantitative 
measurement of content and 
chemical composition. 


Each of these applications requires 
a long-term constant X-ray output 
source and is useful in the applica- 
tion of 1) Material Research, 2) In- 
dustrial Measurements and Control 
Systems and 3) Health. 


Chemical Analysis by 
X-Ray Fluorescence 

X-ray radiation is produced by in® 
cident radiation, i.e. a photoelectric 
interaction and quantum of energy 
required to displace an electron 
from its inner most shell of the 
atom. This energy appears as 
Bremsstrahlung (broad energy 
background) and characteristic 
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Fig. 2. The long-term stability data recording of a Watkins-Johnson 50 kV, 1 mA transmission- 


target X-ray source. 


lines (monochromatic) of the ele- 
ment. The flux of X-ray radiation is 
the rate of transfer of X-ray energy 
across a given surface. 


X-ray fluorescence occurs whenever 
an element is exposed to X-rays. 
The energy dispersive technique of 
elemental analysis integrates the 
emitted X-ray flux over the entire 
spectrum. The integrations are re- 
peated and the results become the 
quantitative measurements of the 
concentration or the purity of an 
element. 


An example of an energy dispersive 
analysis X-ray fluorescence system 
used in elemental analysis is shown 
in Figure 1. Samples of materials 
under test can be quantitatively 
analyzed if the X-ray source and 
other electronic systems are stable 
over a long sampling period. In 
basic research of materials, the X- 
ray source can be used alone or 
combined with an electron scan- 


ning microscope probe to study the 
physical and chemical properties 
of an alloy. Gauging a material’s 
thickness and in-process quantita- 
tive measurement is accomplished 
by X-ray fluorescence from or 
absorbtion of X-ray flux in a mate- 
rial. In both cases, the long-term 
stability of the X-ray source gives 
an accurate measure of any change 
in composition or thickness of mate- 
rial over the length being measured, 
and assures repeatability of results. 


An Example of 

Long-Term X-ray Stability 

X-ray output stability is determined 
by measuring the amount of change 
in total radiation over the entire 
energy range. The photograph of 
Figure 2 shows the stability data 
of a 50 kV, 1 mA transmission- 
target X-ray source extending over 
a 24-hour period of continuous 
operation. 


A 1024 channel X-ray Spectrometer 
system counts at a rate of 100 sec- 


onds per channel, totals the counts 
in the spectrum, and then stores 
the counts in the channel. This 
process is repeated until all chan- 
nels (1024) are filled and data in 
memory is displayed and recorded. 
From the data, a standard deviation 
of the mean is computed and can 
be plotted. The standard deviation 
(o)of data points (x) can be de- 
fined by the equation: 


N 
o=t 2D (xp.- Xx)? 
Nia 


where xj is the ith data point, x is 
the mean of all data points, and N 
is the total number of data points. 


As shown in the photo of data, all 
data points fall within the +30 limit 
or +3816 counts. For an energy dis- 
persive system, the results shown 
mean that all data points will lie 
within a statistically predicted de- 
viation from the mean. Thus, the 
source does not introduce any error 
into the quantitative analysis. 


X-Ray Flux Generation 

The total X-ray flux generated by 
a X-ray tube consists of the con- 
tinuous spectrum referred to as 
Bremsstrahlung, and monochroma- 
tic chracteristic lines (K, L, M, etc) 
of the target material. 

These characteristic X-ray lines are 
produced when the incident elec- 
tron energy is equal to, or greater 
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than, the energy required to dis- 
place an electron from the inner 
most shell of an atom. Figure 3 is 
a diagram showing an example of 
the X-ray spectrum of a target made 
of a single element (only Kay, KA}, 
La, and Lf lines are shown.) 
The continuous spectrum cutoff 
wavelength depends on the accele- 
rating potential of the electron 
beam and is independent of the 
target material, while the position 
of the characteristic line peaks 
(Ka 1 and Kf}1) depend on the target 
material and are independent of 
the accelerating potential. The 
characteristic lines La , and LBy 
and other peaks appear at longer 
wavelengths (lower KeV) corre- 
sponding to each electron shell. 
The total radiation emitted, whether 
by Bremsstrahlung or by a charac- 
teristic nature, can be expressed by 
the approximate intensity equation: 
Tint = A Zi V? 
where A is a constant approxi- 
mately equal to 1.4 x 10 ~°, Z is the 
atomic number of the element, i is 
the electron beam current in am- 
peres, and V is the target potential 
in volts. Thus, the X-ray intensity 
for a particular target material de- 
pends upon the electron beam cur- 
rent and the voltage applied to 
the target. 


Reflection Type X-Ray Radiation— 
Thick Target Tubes 

X-ray radiation generated by an 
electron bombardment of a target 
is energy and flux tuneable by elec- 
tronically varying the target voltage 
and current respectively. Conven- 
tional X-ray generators, Fig. 4a, use 
directly and indirectly heated 
cathode electron sources. A directly 
heated filamentary cathode oper- 
ates in the temperature limited re- 
gion of electron emission and is 
sensitive to temperature changes. 
An indirectly heated cathode 
(shown in Figure 4a) operates in 
the space charge region and is 
much less sensitive to changes in 
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Fig. 4. X-ray fluorescence generated by a reflection-target X-ray source and a commonly used 


secondary target elemental analysis system. 


temperature. Electrons emitted 
from an indirectly heated cathode 
do not depend primarily on the fila- 
ment’s thermal characteristics. 


)Until recently, the most common 
X-ray fluorescence excitation has 
been generated by a reflection type 
(thick target) X-ray tube. Along with 
this thick target tube, a secondary 
target or heavy filtering is required 
to reduce interference inherent in 
Bremsstrahlung radiation for ana- 
lysis of trace elements, Fig. 4b. Be- 


cause of the geometry used in the 
excitation of the secondary target 
system, the overall efficiency of the 
X-ray output is extremely low, ap- 
proximately 0.01 percent. This poor 
efficiency demands the use of high 
power tubes that usually require 
liquid cooling; moreover it increases 
the sytem’s complexity and oper- 
ating cost. 


A transmission-target tube recently 
developed at Watkins-Johnson pro- 
vides an alternate way of achieving 
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Fig. 5. X-ray fluorescence generated by a transmission-target X-ray source and a direct elemental 


analysis system. 


the desired detection signal level 
with much less electron beam power 
consumption. 


Transmission Type X-Ray Radia- 
tion—Thin Target Tubes 

The first known transmission- 
target (thin target) X-ray tube was 
built as a laboratory instrument for 
chemical analysis using X-ray fluo- 
rescence!. The elemental analysis 
performed using this type of tube 
was comparable to a secondary 
target system, however, the tube 
used less than 1/10th of the electron 
beam power required for a seconda- 
ry target system. The transmission- 
target tube, Fig. 5a, consists of a 
grounded cathode non-intercepting 
grid electron gun, a transmission- 
target at elevated potential and a 
X-ray flux output window. The thin 
target generates characteristic X- 
rays which produce less Brems- 
strahlung and which provides 
additional self filtration. 


Because the characteristic lines of 
the transmission-target tube are 
generated with less background 
noise, the tube is used in a non- 
reradiating elemental analysis sys- 
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Fig. 5b. Direct elemental analysis system 
using a transmission-target X-ray 
source. 


tem shown in Figure 5b. In this 
direct analysis system, X-radiation 
losses are reduced due to the reduc- 
tion in distance from sample to 
primary source. By eliminating the 
reradiation of X-ray flux, the effi- 
ciency of the direct analysis system 
is increased. A direct consequence 
of the higher efficiency is the reduc- 
tion of beam current and power. 
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Fig. 6. A cross-sectional view of Watkins-Johnson’s non-intercepting grid electron gun and 


electron beam. 


Since the secondary target system 
requires farther distances, only a 
small amount of radiated energy 
from the secondary target is useful 
in reradiating the sample under 
test. By direct reradiation of the 
sample, the additional amount of 
X-radiation which would be requir- 
ed of the secondary target system 
is conserved. As a result, the size 
and power requirements of the 
transmission-target tube are reduc- 
ed. In many automatic analysis 
systems, this reduction in tube size 
decreases the operating cost of the 
system. Smaller X-ray sources can 
be physically placed closer to the 
sample under test, thereby increas- 
ing the X-ray intensity at the sam- 
ple. For example, X-radiation varies 
as the square as the distance from 
the source, a decrease in distance 


) by 1/2 results in a 4 times increase 


in X-ray flux at the sample. 


Non-Intercepting 

Grid Electron Gun 

The electron gun?, Fig 6, is best 
characterized as a shadow-grid gun, 
that is, the grids are stacked in the 
shadow of the previous grid closest 
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to the cathode. A different potential 
is applied to each grid, usually in- 
creasing in magnitude from the 
cathode. The grid potentials force 
the electrons to pass through the 
orifice in the grids, producing a 
hollow cylindrical shaped electron 
beam. The design of the cathode 
emitting surface and grid structure 
yields an extremely low electron 
beam interception. In recent X-ray 
tubes the grid interception is less 
than 0.1 percent, however, a 0.01 
percent interception is achieved by 
a non-intercepting grid gun with 
-15 volts applied to the control grids. 


Electron emission (beam magni- 
tude) from the cathode is controlled 
by control grids; the spot-size grid 
controls the size of the electron 
beam area at the target. Because 
of unique gun optics, the target 
potential has no influence upon the 
electrons emitted from the cathode, 
and only the control grids are used 
to turn-on or turn-off the X-ray out- 
put and to maintain a preset and 
constant level. 


The spot-size grid is the key com- 
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Fig. 7. A cross-section of the transmission-target and critical heat transfer region within the 
transmission-target X-ray source. Actual size of the WJ-2308-2 X-ray head which contains 
the transmission-target tube is 2-7/8 inches in diameter. 


ponent in adjusting and maintain- 
ing a constant beam spot size in 
order to prevent burn out of the thin 
target at full power operation. Be- 
sides controlling the size of the 
beam spot at the target, the spot- 
size grid provides additional focus 
for the beam-edge to prevent prima- 
ry electrons from bombarding and 
charging the glass envelope. Charg- 
ing the glass at a potential of the 
beam causes an instability in the 
beam spot position and produces 
an unstable X-ray output. By using 
a computer program®, Watkins- 
Johnson determined the shape of 
this angled electrode, resulting in 
optimum beam-spot stability. 


Critical X-Ray Source Region— The 
Transmission-Target 

The target is a collector of electrons, 
therefore, it is necessary that the 
target transfer heat efficiently. 
Transmission-targets are made 
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from either a thin foil, or from the 
desired elements deposited on a 
Beryllium substrate, Fig. 7. By 
brazing a 0.002-0.003 inch thick 
transmission-target foil to a Molyb- 
denum target holder, maximum 
heat transfer is achieved. A typical 
deposited target thickness is 5-10 
microns (um) and is sputtered on 
a 0.010-0.020 inch thick Beryllium 
substrate. 


In order to dissipate heat, the tube 
is enclosed by a liquid dielectric 
which conducts heat from the tar- 
get holder to the metal casing of 
the X-ray head. Beryllium increases 
the heat dissipation capacity of the 
tube by allowing the use of a thick- 
er substrate due to its low attenua- 
tion to X-ray flux. Materials used 
for sputtering are of high purity and 
some of these elements include: 
Tungsten, Molybdenum, Chromi- 
um, Gold, Silver, Rhodium and Cop- 
per. Target deposition by sputtering 





) 


) 


techniques permits only the exact 
amount of an element to be deposit- 
ed onto the substrate, thus reduc- 
ing X-ray flux losses due to target 
attenuation. 


The thin-foil target provides excel- 
lent filtering of Bremsstrahlung, 
however, it also reduces the total 
available flux and is therefore less 
efficient. Because the foil is made 
thin to reduce attenuation of the 
available flux, its heat transferring 
capacity is less than the sputtered 
target on Beryllium substrate. 


Spectrum Purity of 
Transmission-Target X-Rays 
Spectral purity is essential in ana- 
lyzing or searching trace elements 
in a chemical composition. This 
analysis is ordinarily performed by 
exciting characteristic X-rays of an 
element with the energy of another 
monochromatic X-ray that is high- 
er than that required to remove an 
electron from the inner shell(s) of 
the element under investigation. 


Figure 8a shows the spectral lines 
emitted from the Molybdenum (Mo) 
target in a transmission-target X- 
ray tube. Using these characteristic 
lines, a filter paper sample is ana- 
lyzed for contaminants, Fig. 8b. The 
spectral purity achieved, shown in 
Figure 8b, is comparable to that of 
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a) Emission spectrum of a Molybdenum 
target in a WJ-2380 transmission-target 
X-ray source. 





a secondary target tube source, and 
is primarily due to the attenuation 
of background radiation inherent 
in the 0.0022 inch Molybdenum 
transmission-target. This high de- 
gree of spectral purity is achieved 
by using pure Molybdenum parts, 
the construction techniques used 
in shielding brazed joints, and 
shielding tube parts from the inci- 
dent electron beam and non-colli- 
mated output flux. 


X-Ray Source Stability—Electrical 
and Mechanical Parameters 

The parameters affecting the stabi- 
lity of a transmission-target source 
are both electrical and mechanical. 


e Electron Beam Control. X-ray flux 
stability depends on the accelerat- 
ing electron beam potential and 
the quantitative control of target 
current. X-ray flux stability is 
achieved by keeping the number of 
electrons striking the target con- 
stant. By controlling the beam cur- 
rent with a closed loop circuit, the 
circuit regulates the target current 
as a function of grid voltage. 


A change in the electron beam area 
or position at the target is reflected 
as a change in X-ray output flux. 
A 2 percent change in beam posi- 
tion or size can result in an equal 
amount of change in X-ray flux at 
the detector. Thus, the spot-size 
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b) Emission spectrum from a filter paper 
sample by using the radiation of the 
characteristic lines from the Mo target 
source. Trace concentrations of zinc 
(Zn) and lead (Pb) are shown detected 
to approximately 10 parts per million. 


Fig. 8. X-ray emission spectrums of a) a Molybdenum target and b) a material sample. 
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control grid voltage must maintain 
the electron beam at the target 
constant. 


Because the X-ray intensity is pro- 
portional to the square of the target 
voltage, any change in voltage will 
affect stability. In order that the 
X-ray output flux be within an es- 
tablished +0.2 percent deviation 
from the accumulated data points, 
the target voltage is load regulated 
to less than 0.05 percent. 


© Spatial Motion. Spatial motion 
of tube components will affect the 
stability of the output flux. Of all 
the tube components, target mo- 


Summary 
X-ray intensity is a function of the combined design charac- 
teristics of target voltage, target current and mechanical 
parameters. Control of these characteristics has achieved a 
stable X-ray output intensity with a coefficient of variation 
(a/x x 100%) less than +0.2 percent. The +0.2 percent coeffi- 


tion is the most critical. Mechanic- 
al parameters are affected by heat 
dissipation in the target. By trans- 
ferring heat from the point of elec- 
tron impact to the heat sink, Fig. 7, 
mechanical variation in target-to- 
window spacing is minimized. The 
X-ray flux radiated from the tube’s 
output window is dependent upon 
the square of the distance from the 
target. For example, a 2 percent 
change in target-to-window spacing 
will produce a 4 percent change in 
X-ray flux at the output window. 
In practical analytical systems, X- 
ray stability must be maintained to 
less than 0.05 percent. 


cient of variation is achieved by utilizing advanced electronic 
techniques in the W-J source control unit and transmission- 
target X-ray source. This result is comparable to the results 
obtained with a radioactive isotope, the standard in the in- 
dustry today. However, the Watkins-Johnson X-ray source 
has the additional benefit of versatility by tuning X-ray 


energy and flux. 
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